The simulation of a resin flow through a porous medium by FE-models has become a very important aspect for the design of a high-performance RTM produced composite part. The key parameter to perform RTM flow simulations is the fibre reinforcement permeability. Unfortunately, permeability measurements are not yet fully standardized and thus many different set-ups have been proposed. A major problem in comparing different set-ups has always been the fact that there exists no reliable reference material on which a comparative permeability measurement can be performed. This paper presents a solid test specimen, produced with a stereolithography technique, which can be used as a reference sample for calibration of test rigs and for comparison of results from different test rigs. Since the permeability properties of the specimen do not vary from test to test, an excellent repeatability of the experiments is obtained and any measured difference must be attributed to the set-up.
INTRODUCTION
In todays market an increasing demand for highquality fibre reinforced polymers (FRPs) can be noticed. Applications range from automobile, sports, marine, heavy-duty machinery to household applications. The interest for the resin transfer molding (RTM) as a production technique has risen significantly over the past few years because of higher demands on finish quality, production volumes, cycle times and last but not least, environmental implications.
In RTM, the fibre reinforcement is initially dry and is often assembled outside the mold in the shape of the finished part. The fibre assembly, called a preform, is then placed in the mold cavity and impregnated with the liquid resin which polymerizes to yield a rigid composite. A critical component in RTM is the production mold. It represents a large part of the capital investment of the production line and determines the final shape and quality of the manufactured part. In the past, the positions of the resin inlets and air vents to ensure a correct filling of the mold were chosen by the designer, based on his experience. The mold was next manufactured, an injection was performed and the result evaluated. If there were defects like incomplete filling, the position of the gates and vents was adapted by trial and error and a new test-run was performed. This trial-and-error method is not only very time consuming, it is also expensive in both labour and material cost. In complex modern molds the flow pattern of the resin can no longer be predicted from basic rules-of-thumb and experience. Therefore flow simulation software has been developed to assist the mold designer [1, 2] . By injection simulations performed on a computer, possible problem areas in the design can be identified and the mold design can be adapted appropriately, even long before the mold is actually produced [3, 4] .
However, the simulation software needs reliable input data to correctly predict the flow front evolution as a function of time, in particular the permeability values of the reinforcement.
These permeability values often cause problems because there are no standardized methods for permeability measurements. Moreover, the measurements are very sensitive to various factors and large scatter in the identified permeability values is usually observed [5] [6] [7] [8] [9] [10] .
The latter is not surprising since the permeability is mainly dominated by the geometry of the porous medium. Possible sources of scatter on obtained permeability values are [11] :
· uncontrolled nesting of layers during stacking and compression of multi-layered Gerd Morren, Jun Gu, Hugo Sol, Bart Verleye, Stepan Lomov samples. · deformation of the fibre texture during sample preparation (shearing). · existence of micro-flows, also called intratow flows, within yarns [12] [13] [14] [15] [16] [17] [18] [19] [20] . · material heterogeneity due to manufacturing. · random experimental errors (pressure, temperature and time measurements).
In practice these sources of scatter will act simultaneously, rendering clear distinction between the possible contributions difficult. In an attempt to explore the origins of the scatter in permeability measurements, Hoes [5] developed a special textile based test specimen. It consisted of layers of PVCcoated impermeable tows and had a robust texture. These two properties already eliminated two possible sources of variability: micro-flows and handling induced heterogeneities. Moreover, the test samples could be cleaned and reused, such that the same samples could be tested in subsequent runs, further eliminating possible heterogeneities in different test samples. However, when performing tests and carefully stacking the different layers together, still distributions of permeability values with a considerable standard variation were observed.
In a next series of tests the relative movement of the layers was systematically restricted by fusing them together. For, the layers in the stacked samples were still capable of shifting over very small distances in either direction during mold closure, and depending on small deviations in alignment between layers during restacking, the nesting was different in subsequent tests. The results showed that the experimental scatter can indeed be reduced and almost completely eliminated when also the uncontrolled nesting of layers is constrained.
Considering the obtained results, this material opened the possibility of being used as a reference material, although it was concluded that the manufacturing process was not sufficiently repeatable given the remaining variations between similar samples.
Parnas et al. reported tests on a proposed standard reference fabric as well. It consists of a threedimensional woven material [21] which requires a carefully designed experimental protocol to achieve consistently reproducible results. However, his results still showed a scatter level of 15%, which is significantly higher than the scatter obtained with the fused PVC-coated material of Hoes et al [5] .
THE STEREOLITHOGRAPHY PROCESS
Stereolithography, also known as 3-D layering or 3-D printing, is used to create three-dimensional objects from liquid photosensitive polymers that solidify when exposed to ultraviolet light.
The stereolithography production machine has generally four important parts ( Fig.1) : · A tank filled with a liquid photopolymer which is sensitive to ultraviolet light. · A perforated platform immersed in the tank.
The platform can move up and down in the tank as the printing process proceeds. · An ultraviolet laser. · A computer that drives the laser and the platform.
First, a 3-D geometrical model of the requested object has to be created in a CAD program. Dedicated software chops this CAD model up into thin layers. Then, the 3-D printers laser paints one of the layers, exposing the liquid plastic in the tank and hardening it. Subsequently the platform drops down into the tank a fraction of a millimetre and the laser paints the next layer. This process is repeated layer by layer, until the whole model is complete. Finally the object has to be rinsed with a solvent and post cured in an ultraviolet oven.
It has to be emphasized that SL is an additive process, combining layers of plastic to create a solid object. In contrast, most machining processes (milling, drilling, grinding, etc.) are subtractive processes that remove material from a solid block. The additive nature allows for creating objects with complicated internal features. 
Stereolithography Specimen to Calibrate Permeability Measurements for RTM Flow Simulations

THE STEREOLITHOGRAPHY SPECIMEN
The SL test specimen proposed in this paper fulfils several requirements. The goal was to obtain a test specimen for a 2D central injection rig [5, 24] that allows flow front measurements in about 30 seconds using a moderate pressure of 1.5 bar. Therefore, the magnitude of the permeability has to correspond with those reported in literature [5] . Furthermore, the structure has to be orthotropic so that a sufficient anisotropy ratio (a = K y /K x ) is present. Since the design of the SL specimen is based on the repetition of a small unit cell, these requirements could be easily verified using CFD software (chapter 5) before producing the SL specimen. This was necessary considering the rather high financial cost of a SL specimen. Hence, the unit cell was adapted according to the results of the numerical simulations until the anisotropy ratio and the magnitude of the permeability were satisfying. It has to be noted that the obtainable magnitude of the permeability values is obviously limited by the resolution and accuracy of the SL production technique because e.g. the dimensions of the holes in the unit cell could not be made smaller than 0.5 mm.
A possible unit cell is shown in Fig.2 . It consists of 5 layers, each having a thickness of 0.6 mm, which are joined to form the unit cell. Hence, the total thickness of the structure (3 mm) corresponds to the mold cavity of the 2D central injection rig. The 5 layers are build up using only 3 different geometries (The middle layer number 0, two intermediate layers number 1 and the top and bottom layers number 2). The dimensions of these 3 different geometries are shown in top view in Fig. 3 . In Fig. 4 the reader can see CAD drawings of 16 joined unit cells with their 5
Gerd Morren, Jun Gu, Hugo Sol, Bart Verleye, Stepan Lomov layers. The latest hardware produced test specimen is presented in Fig. 5 . Its whole geometry consists of one solid part made of epoxy material. Microflows, handling induced heterogeneities and nesting can not occur. The SL specimens can also be easily cleaned by water and reused, such that the same samples can be used in subsequent runs, further eliminating possible heterogeneities in different test samples. Consequently, the aforementioned origins of scatter are eliminated by using the stereolithography process, so that repeatability of the experiments is guaranteed. 
ANALYSIS OF THE STEREOLITHOGRAPHY SPECIMEN
Since the permeability is a geometrical parameter, the dimensions of the produced specimen ( Fig.5) had to be evaluated. The reachable dimensions were measured using a Leica MZ 125 microscope with data acquisition system. Sixteen pictures (Fig. 6) were taken, distributed over the surface, on which four dimensions were measured. These four dimensions were logically named after their geometrical role: Length, BorderL, Width and BorderW (Fig. 6) . The results of the measurements are given in Table 1 were the mean value of each variable can be compared with the designed value. Additionally, the dimensions of the holes along the borders were measured in the same way. Those results are summarized in Table 2 . In general, it can be concluded that the dimensions are sufficiently accurate and the deviation on the results is very small. Furthermore, this accuracy was obtained on subsequent produced specimens from which can be concluded that the stereolithography manufacturing process is sufficiently repeatable and yields a very controllable and precise geometry. concept but was not achieved without several setbacks. E.g., on the first samples, the dimensions along to the Length direction had an unacceptable discrepancy with respect to the designed dimensions. These discrepancies appeared to be due to the influence of the gravity. Since the samples are manufactured vertically, which is actually along the Length direction, those dimensions are influenced by the gravitation. Consequently the Length dimension was persistently too small and the BorderL dimension too big. This production problem was solved by using a newly designed resin which is less dependent on the gravity. Additionally, this new resin allows a more rigid and durable structure which will absorb less moisture. Hence, repeatable cleaning with water causes no problems. As one can see from Fig. 6 , this new resin also yields a very good surface quality.
Obtaining this accuracy was consequently an important milestone in the development of this
FlowTex has a simple graphical user interface, which makes the use easy for design engineers which are not trained in CFD. The textile models can be produced by the WiseTex software [28] . After choosing the method of calculation, and choosing whether intra-yarn flow has to be taken into account, the grid resolution has to be set. The permeability calculation will be more accurate when the mesh resolution is increased, but unfortunately this also increases the computation time. Subsequently the direction in which the permeability has to be calculated (k x or k y or k z ) and the boundary conditions have to be selected. The boundary conditions are set by choosing walls or periodic for each direction.
For the performed calculations, periodic boundary conditions were chosen for every direction and the precision was set by selecting an Error in K value of 0.001. Considering the fact that the stereolithography specimen consists of one solid part, the intra-yarn flow was neglected. The results of the calculations are summarized in Table 3 .
CALCULATIONS PERFORMED BY MEANS OF FLOW SIMULATION SOFTWARE
At the university of Leuven, a software package for the computation of the permeability of textiles is developed. The software, called FlowTex, provides two modules for the computation of the permeability.
One is based on a lattice Boltzman model for fluid flow [22] . The second one is based on the incompressible Navier-Stokes solver, NaSt3DGP, developed by the research group of Prof. Michael Griebel in the Institute of Numerical Simulation at the University of Bonn [25] [26] [27] . The solver uses a finite difference discretization for the solution of the system of equations (1):
CONCLUSIONS
The additive nature of the stereolithography process allows the production of a structure with specific and complex internal features so that a kind of artificial reinforcement can be created in which the propagating fluid is persistently obligated to curve. Consequently, the flow in conventional textiles can be reproduced and the discussed requirements could be achieved. Moreover, this concept counters the scatter sources so that an excellent repeatability of the experiments is obtained and any measured difference must be attributed to the set-up.
In this paper we presented a SL specimen which is designed for a 2D central injection rig. This specimen could be used for 1D experiments as well and the structure can also be easily adapted for through the thickness experiments and possible extra requirements of the used test rig.
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Generally, we conclude that the dimensions are sufficiently accurate and the deviation on the results is acceptably small. A tolerance of 0.1mm can be easily obtained on all the dimensions. Furthermore, this accuracy was obtained on subsequent produced specimens from which can be concluded that the stereolithography manufacturing process is sufficiently repeatable and allows a very controllable and precise geometry. The newly designed resin additionally allows a rigid structure, with a very good surface quality and a wear resistance, that can be cleaned with water.
Consequently, this SL specimen can be used as a reference sample for calibration of test rigs and for comparison of results from different test rigs.
Since the structure consists of unit cells, the permeability values can also be easily estimated by means of numerical flow simulation software. Hence, this simulation software can be experimentally validated.
FUTURE WORK
A project, called international permeability benchmarking exercise (IPBE), was recently initiated by KULeuven and ONERA (France), with participation of VUB. This is a broad international activity aiming towards indicating deficiencies in the currently available methods and apparatus for measurement of permeability of composite reinforcements. The participants will do permeability measurements on the presented reference media such that results from different test rigs can be objectively compared and eventually published.
Next, reference samples will be developed for calibrating the through the thickness permeability identification and finally sheared samples will be designed. In due time, these samples will also be included in the international permeability benchmarking exercise.
